Spermatogenesis is a continuous process, relying on the proliferation and differentiation of spermatogonia. The mechanistic target of rapamycin complex 1 (mTORC1) is a central regulator of cell growth, proliferation, and differentiation, yet its roles in the regulation of spermatogonial development and differentiation remain unclear. Here, we found that spermatogonia display stage-dependent mTORC1 activity during their postnatal development, with extremely low activity in undifferentiated spermatogonia and high activity in differentiated spermatogonia. To examine this difference, we generated mutant mice with activated mTORC1 in a subset of undifferentiated spermatogonia by conditionally deleting the mTORC1 inhibitor TSC1. The knockout mice demonstrated testicular developmental defects, partial spermatogenic arrest, excessive germ cell loss, sperm count reduction, and subfertility. Importantly, mTORC1 activation promoted spermatogonial differentiation at the expense of germline maintenance, inducing the early depletion of germ cells, and thus impairing spermatogenesis. In summary, our study defines the critical roles of mTORC1 in the maintenance of the spermatogonial population and functions. mTORC1, spermatogenesis, spermatogonial differentiation, subfertility
INTRODUCTION
In mammals, spermatogenesis is a continuous process by which spermatogonial stem cells/spermatogonial progenitor cells (SPCs) are transformed through the stages of differentiated spermatogonia, spermatocytes, and round and elongated spermatids to become spermatozoa within the seminiferous tubules. Undifferentiated spermatogonia (referred to as SPCs) are formed from gonocytes during postnatal development and have self-renewal potential [1] . In mice, undifferentiated spermatogonia include isolated A single spermatogonia, A paired cells, and A aligned cells, whereas differentiated spermatogonia include A1-A4, intermediate, and type B spermatogonia. Except for the A single , spermatogonia remain interconnected by cytoplasmic bridges after mitotic cell division. The wellaccepted model predicts that the stem cell potential is predominant in the A single spermatogonia, and this potential progressively diminishes as the cells divide [2] . In spermatogonia, the heterogeneity present in their cellular morphology and gene expression reflects their different propensities for self-renewal and differentiation [3] [4] [5] . A number of protein markers have been identified and are differentially expressed in undifferentiated spermatogonia (e.g., ZBTB16/PLZF, ID4, GFRa1, RET, and Neurog3/NGN3) and differentiated spermatogonia (e.g., STRA8, c-Kit/CD117, SOHLH1, and SOHLH2) [2, 6] .
The mechanistic target of rapamycin (mTOR) is a highly conserved Ser/Thr protein kinase that forms two distinct functional complexes, mTOR complex 1 (mTORC1) and mTORC2 [7, 8] where mTORC1 is the sensitive target of rapamycin and consists of mTOR, Raptor, DEPTOR, the TTI1/ TEL2 complex, PRAS40, and mLST8 [9] , and mTORC2 is insensitive to rapamycin and consists of mTOR, Rictor, DEPTOR, the TTI1/TEL2 complex, mSIN1, mLST8, and Protor [9] . The mTORC1 integrates diverse signals, including those from nutrients, growth factors, energy, and stresses, to regulate cell growth, proliferation, survival, and metabolism. In response to these stimuli, mTORC1 is activated by two families of RAS-related small GTPases, RHEB and RAGS. GTP-bound (active) RHEB is suppressed by tuberous sclerosis complex 1/2 (TSC1/2), a functional complex that has GTPaseactivating protein activity toward RHEB [10, 11] . The loss of TSC1/2 causes cells and tissues to display constitutive mTORC1 activation, contributing to their tumor phenotype [12, 13] . The mTORC1 phosphorylates downstream targets of S6 kinase 1 and eukaryotic initiation factor 4E-binding protein-1 and controls cap-dependent protein translation [9, 14] .
A recent study reported that SPCs lacking zinc finger and BTB domain containing 16 (ZBTB16), a transcription factor essential for SPC maintenance, showed enhanced mTORC1 activity, which inhibited their response to glial-cell-derived neurotrophic factor (GDNF) via negative feedback to the receptor [15] . However, the roles of balanced mTORC1 activity in SPC self-renewal and differentiation, spermatogenesis, and male fertility remain unclear. Importantly, we found that spermatogonia display stage-dependent mTORC1 activity during postnatal development. Therefore, in this study, we developed mutant mice with a spermatogonium-specific deletion of Tsc1, resulting in persistent mTORC1 activation in their spermatogonia. We used Stra8-Cre and Vasa-Cre transgenic mice: the former initially mediates Flox gene deletion in a subset of A aligned cells, which continues through to the late-type B cells, whereas the latter does so throughout all the spermatogonial stages, from undifferentiated A single , A paired , and A aligned to differentiated A1-A4, intermediate, and B cells [16] [17] [18] .
MATERIALS AND METHODS

Mice, Husbandry, and Genotyping
Stra8-Cre mice (Jax no. 008208) and Tsc1 flox mice (Jax no. 005680) were imported directly from The Jackson Laboratory. Vasa-Cre mice (Jax no. 018980) were from the Model Animal Research Center of Nanjing University. The Vasa-Cre transgene was derived from the males of the breeding pairs to avoid maternal effects that result in whole body Cre-mediated recombination in the offspring [18] . The Stra8-Cre mice and Vasa-Cre mice were crossed with Tsc1 fl/fl mice to generate Stra8-Cre; Tsc1 þ/fl and Vasa-Cre; Tsc1 þ/fl males. These male heterozygotes were further crossed with Tsc1 fl/fl females to produce Stra8-Cre; Tsc1 D/fl and Vasa-Cre; Tsc1 D/fl males (D: recombined flox allele or deleted allele). These mice carried a spermatogonium-specific deletion of Tsc1 and were designated STKO and VTKO, respectively. The Cre-negative mice from the same litter were used as the controls. DNA isolated from tail biopsies was used for genotyping with PCR. All animal experiments were approved by the Southern Medical University Committee on the Use and Care of Animals and were performed in accordance with the Committee's guidelines and regulations.
Tissue Collection and Histological Analysis
The mouse testes and epididymides were removed and weighed, fixed in modified Davidson fixative [19] , and then processed in paraffin. Five sections of each testis and epididymis (5 lm, taken 200 lm apart) were stained with hematoxylin-eosin (H&E) for normal histological analysis.
Immunohistochemical (IHC) staining was performed with the standard procedure, using horseradish peroxidase-conjugated anti-immunoglobulin G secondary antibodies (Jackson ImmunoResearch) visualized with 3, 3 0 -diaminobenzidine. The slides were counterstained with hematoxylin.
Immunofluorescent (IF) staining was performed as for IHC except that the secondary antibodies were labeled with Alexa Fluor 594 (Molecular Probes) and 4 0 , 6-diamidino-2-phenylindole (DAPI) (Molecular Probes) was used to visualize the nuclei. IF images were obtained with FluoView FV1000 confocal microscopy (Olympus). The antibodies used for the different experiments are described in Table 1 .
Western Blot Analysis
The whole testes was triturated and lysed on ice, and then boiled in SDS loading buffer. The protein extracts were then subjected to 6%-12% SDS-PAGE and subsequently processed with a standard protocol.
Flow Cytometric Analysis
A testicular germ cell suspension was prepared using collagenase and trypsin as described previously [20] . The cells were stained with propidium iodide, and the DNA content in the stained cells was analyzed with a CytoFLEX flow cytometer (Beckman Coulter).
Intracellular staining and flow cytometric analysis of testicular cells were performed as described previously [15] , with minor modifications. The following antibodies for intracellular protein and cell surface marker were used: phycoerythrin-conjugated anti-ZBTB16 (eBioscience clone 21F7) and allophycocyanin-conjugated anti-c-Kit (eBioscience clone 2B8). For analysis of intracellular protein ZBTB16, cells were fixed and permeabilized in Foxp3 staining buffer (eBiosciences) prior to immunostaining. Stained cells were analyzed with a CytoFLEX flow cytometer.
Cell Apoptosis Assay
Cell apoptosis was evaluated in the testicular sections using a terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL) assay to visualize DNA fragmentation in situ with a commercial kit (Promega). The numbers of apoptotic cells in three sections from each testis (200 lm apart) were counted and normalized to the area of the section.
Fertility Test and Sperm Counting
To evaluate the fertility of the male mice, 8-to 12-wk-old control or STKO mice were mated with wild-type female C57 mice of proven fertility in a ratio of 1:2. Successful conception was defined by the presence of a vaginal plug and a subsequent visibly growing abdomen. The pregnant female mice were then separated and the litter sizes were recorded on delivery.
For sperm counting, the epididymis was removed and minced in 1 ml of KSOM medium (Millipore) with 3% bovine serum albumin at 378C for 20 min to allow the sperm to be released into the medium [20] . The total sperm count was assessed in the final suspension with a hemocytometer.
Quantitative PCR Assay
Total testicular RNA was purified using TriGene Reagent (Genstar). Complementary DNA was synthesized using the RETROscript Reverse Transcription Kit (Genstar), according to the manufacturer's protocol, and amplified and quantified with a SYBR green kit (Genstar) on the StepOnePlus Real-Time PCR System (Applied Biosystems). b-Actin was used as the endogenous control transcript. The quantitative PCR primer sequences are described in Table 2 .
Statistical Analysis
All experiments were performed in triplicate. Data are expressed as mean values 6 SEM, and the differences between groups were analyzed with a t-test (SPSS 13.0). P , 0.05 was considered statistically significant. For the morphological evaluations, at least five sections (200 lm apart) from each testis or epididymis were analyzed. For the Western blot analysis, one representative set of data is shown. WANG ET AL.
RESULTS
Spermatogonia Display Stage-Dependent mTORC1 Activity During Postnatal Development
To determine the role of the mTORC1 signaling pathway in the postnatal development of the testis, we first characterized the level of phospho-S6 (p-S6, S235/S236), a critical downstream target of mTORC1, in the seminiferous epithelium of normal mice at several key ages. An IHC analysis showed that p-S6 was barely detectable in the seminiferous tubules on Postnatal Day 1 (P1), at which time gonocytes transform into undifferentiated spermatogonia (Fig. 1A) . At P3, when spermatogonia begin differentiating in mice, the expression of p-S6 was increased in the spermatogonia. As testicular development proceeded, p-S6 increased in the spermatogonia, reaching its peak level at P7, when most spermatogonia have begun to differentiate. The p-S6 levels declined after P14 and were only detectable in some spermatogonia at P28. This is similar to the expression pattern in the adult testis, which is associated with the seminiferous epithelium cycle (Fig. 1A) . Furthermore, co-IF staining of seminiferous tubules at P3 and P7 for p-S6 and c-Kit, a marker of differentiated spermatogonia, showed that c-Kit and p-S6 expression was highly colocalized at P3. At P7, both c-Kit and p-S6 expressions were largely enhanced, and most c-Kit-positive cells had strong p-S6 expression, demonstrating that mTORC1 activation is synchronous with spermatogonial differentiation (Fig. 1B) . These results indicate that mTORC1 activity is low in undifferentiated spermatogonia and that mTORC1 activation is required for spermatogonial differentiation in the first wave of spermatogenesis in the neonatal testis.
Generation of Mutant Mice with Tsc1 Specifically Deleted in the Postnatal Male Germ Cells
To further investigate the role of mTORC1 activation in spermatogonial differentiation and spermatogenesis, we generated mutant mice with a spermatogonium-specific deletion of Tsc1. Tsc1 was excised in the spermatogonia using a gene cassette containing Cre recombinase driven by the spermatogonium-specific promoter of Stra8. In this model, the expression of Cre was first detected in a subset of A aligned cells and differentiated spermatogonia at P3, and became much stronger at P7 [16] . A previous study showed that Stra8-Cre cannot excise two floxed alleles with 100% efficiency but can excise one floxed allele with 100% efficiency [21, 22] . Therefore, Stra8-Cre; Tsc1 D/fl mice represent conditional knockouts and were designated STKO mice (Fig. 2, A and B) .
Because TSC1 is a negative upstream regulator of mTORC1, Tsc1 deletion should result in the activation of mTORC1. Western blot analysis showed reduced expression of TSC1and significant enhancement of p-mTOR (S2448) and p-S6 (S235/S236) in the testes of 2-wk-old STKO mice, whereas the level of p-Akt (S473), which is regulated by mTORC2, was stable in the STKO mice (Fig. 2, C and D) . IHC analysis of p-S6 also demonstrated a significant enhancement in mTORC1-singaling in the STKO mice (Fig. 2E) . These data suggested the successful Cre-mediated recombination of the floxed Tsc1 gene in the STKO mice.
Hyperactivation of mTORC1 in Spermatogonia Perturbs Testicular Development
We next focused on seminiferous tubule development in the STKO mice. There were no obvious differences in the physical appearance or bodyweights of the STKO mice and their littermate controls at any age. However, STKO mice showed a significant reduction in testis weight at 3 wk of age (P , 0.05) (Fig. 3, A and B) . H&E staining showed no discernable histological changes until the STKO mice were 3 wk old. At 3 wk, STKO testes showed numerous abnormal tubules, with an absence of pachytene spermatocytes and round spermatids, or reduced germ cell layers compared with the control testes, in which many seminiferous tubules had completed meiotic division. This suggested seminiferous developmental arrest/ disruption in the STKO mice (Fig. 3, C and D) . These abnormalities persisted at 6 wk, despite a slight increase in germ cell numbers in the STKO mice. In the adult mice, some tubules even displayed a Sertoli cell-only phenotype (Fig. 3, C  and D) . These findings indicate that testicular development is defective in the STKO mice and that the appropriate mTORC1 activity in spermatogonia is required for postnatal testicular development.
Hyperactivation of mTORC1 in Spermatogonia Impairs Spermatogenesis and Causes Subfertility
Testicular atrophy commonly causes spermatogenic defects. Surprisingly, mature spermatozoa were initially absent in the epididymides of the juvenile STKO males but were present in the adults (Fig. 4A) . However, we then counted the epididymal sperm in adult mice and found that the STKO males exhibited an about 50% decline in the sperm number and, accordingly, reduced fertility (Fig. 4B) . To verify whether reduced sperm count seen in the STKO males was attributable to defects in spermatogenesis, the relative distributions of the germ cells in the control and STKO testes were analyzed by quantifying the DNA content of the germ cells. As expected, the STKO males displayed a clear reduction in haploid cells (1C; spermatids and spermatozoa), an evident increase in diploid cells (2C; spermatogonia, preleptotene spermatocytes, and secondary spermatocytes), and similar numbers of tetraploid cells (4C; leptotene, zygotene, pachytene, and diplotene spermatocytes) (Fig. 4, C and D) , indicating partial spermatogenic arrest. Thus, balanced mTORC1 activity in the spermatogonia is required for spermatogenesis. 
Excessive Germ Cell Apoptosis in STKO Mice
To explore the mechanism underlying the loss of spermatogenic cells in the STKO testes, we detected cell apoptosis and cell proliferation using the TUNEL assay and Ki67 staining, respectively. The number of TUNEL-positive cells increased significantly in the STKO testes by about 1.8-fold and 2.0-fold at 2 and 3 wk, respectively (Fig. 5, A and B) . These excessive apoptotic cells appeared to be predominantly spermatocytes, according to their location. The evaluation of Ki67-positive cells in 2-and 3-wk-old testes, which might correspond to proliferating spermatogonia, indicated similar cell proliferation in the control and STKO mice (Fig. 5, C and D) . These results suggest that enhanced cell apoptosis, but not altered cell proliferation, contributes to the excessive germ cell loss in the STKO mice. 
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Hyperactivation of mTORC1 in Spermatogonia Promotes Spermatogonial Differentiation
To determine the cause of the testicular atrophy and reduced sperm count seen in the STKO mice, we examined the functions of the spermatogonia in the STKO testes by measuring the mRNA levels of key molecular markers of spermatogonial differentiation and meiotic initiation. ZBTB16 is an important marker of undifferentiated spermatogonia. Differentiated spermatogonia (A1) express STRA8 and c-Kit. Markers of early meiotic prophase include SPO11, a topoisomerase, DMC1, a meiosis-specific recombinase, and SYCP3, a component of the synaptonemal complex. Quantitative PCR indicated a notable reduction in Zbtb16 mRNA levels and a significant increase in the mRNA levels of Stra8 and c-Kit in the STKO testes, whereas the expression of the meiotic markers Spo11, Dmc1, and Sycp3 remained stable (Fig.  6A) . These results were confirmed by IHC staining of STRA8 and Western blot analysis of ZBTB16 and c-Kit, suggesting an aberrant spermatogonial differentiation in the STKO mice (Fig.  6, B-D) . Importantly, flow cytometric analysis of testicular cells from juvenile STKO mice (3 wk old) revealed a decline in the ZBTB16-positive population while an increase in the c-Kitpositive population in the STKO testes, suggesting that spermatogonia in the STKO mice have an aberrant tendency to differentiate and/or a reduction in self-renewal (Fig. 6, E-G) . Taken together, these data show that the activation of mTORC1 in spermatogonia accelerates spermatogonial differentiation and inhibits its self-renewal, but does not disturb meiotic initiation.
Appropriate mTORC1 Activity in Undifferentiated Spermatogonia Is Required for Spermatogenesis
Because the Stra8-promoter-driven expression of Cre recombinase is strong in differentiated spermatogonia and weak in undifferentiated spermatogonia, we generated another line of conditional knockout mice in which the gene was mTORC1 REGULATES SPERMATOGONIAL DIFFERENTIATION deleted at an earlier stage to examine the effects of mTOC1 activation on the development of quiescent gonocytes and undifferentiated spermatogonia. In this experiment, Vasa-Cre (also called Mvh-Cre or Ddx4-Cre) mice were used, in which recombinase activity is expressed in both male and female germ cells at Embryonic Day 15, when male germ cells are quiescent. The breeding protocol for the VTKO mice was the same as for the STKO mice except that Vasa-Cre males with an age limit of 5-9 wk were used [18] . Western blot analysis revealed a notable reduction in the TSC1 protein level and a notable increase in the p-mTOR and p-S6 protein levels in the VTKO testes, indicating the successful deletion of Tsc1 (Fig. 7,  A and B) .
At the phenotypic level, a remarkable reduction in testicular size was observed in the VTKO mice (Fig. 7C) . H&E staining of testicular cross sections showed discernable histological changes in the 3-wk-old knockout mice characterized by tubular atrophy, excessive germ cell loss, and spermatogenic arrest (few or no pachytene spermatocytes). In the adults, many tubules even displayed a Sertoli cell-only phenotype (Fig. 7D) . Accordingly, sperm concentration was decreased by 60% in the VTKO mice (Fig. 7E) . Moreover, an obvious decline in Zbtb16 mRNA and an obvious increase in Stra8 and c-Kit mRNAs were also observed (Fig. 7F) . Thus, the VTKO mice displayed similar phenotypic changes to the STKO mice. These results confirm the important role of mTORC1 signaling in the functions of undifferentiated spermatogonia. Activation of mTORC1 accelerates spermatogonial differentiation, perturbing spermatogonial self-renewal and subsequent spermatogenesis.
DISCUSSION
In the mouse, gonocytes proliferate briefly after sex determination in the fetal testis and then enter a prolonged quiescent period from approximately Embryonic Day 14.5 until P1-2 [23, 24] . At that point, the neonatal gonocytes begin to move to the periphery of the testicular cords and resume mitosis as spermatogonia [25, 26] . The spermatogonia begin to differentiate at ;P3-4 and ultimately enter meiosis at ;P10, termed the first wave of spermatogenesis, which is similar to the steady-state spermatogenesis in the adult [6, 27] .
The molecular mechanisms underlying spermatogonial selfrenewal and differentiation are not yet completely clear. However, evidence showing the important roles of the mTORC1 signaling pathway in male germline regulation emerged in recent years. It has been reported that spermatogonial stem cells and preleptotene spermatocytes express total mTOR, p-mTOR, total p70S6K, p-p70S6K, and p-4EBP1, and the inhibition of mTORC1 signaling by rapamycin significantly reduces STRA8 expression in the adult mouse testis [28] . 
mTORC1 REGULATES SPERMATOGONIAL DIFFERENTIATION
The p-S6 is also expressed in germ cells and Sertoli cells in the testis [29] . In the adult mouse testis, p-S6 is mainly present at certain stages of the cycling of the seminiferous epithelium, and p-S6-positive spermatogonia are most apparent in stage II-VI tubules, when populations of differentiating spermatogonia are abundant [30, 31] . Interestingly, our results showed that in the neonatal testis, the expression of p-S6 was barely detectable at P1 and was increased gradually from P3 to P7 in the first wave of spermatogenesis. Importantly, p-S6 was mostly expressed in the c-Kit-positive differentiated spermatogonia. Thus, our results demonstrate that low mTORC1 activity is required for undifferentiated spermatogonia, whereas appropriate mTORC1 activation is essential for spermatogonial differentiation because both types of mutant mice with spermatogonium-specific hyperactivation of mTORC1 displayed defective spermatogenesis, decline in sperm count, and subfertility. Although it may be questioned as many tubules in both mutant mice showed normal morphology and only 50% of sperm was lost, we deem that this discrepancy is attributed to low efficiency of gene deletion due to the intrinsic limitation of the Cre recombination activity because IHC staining of p-S6 in both mutant mice showed that tubules with strong p-S6 expression exhibited severe phenotypic changes. Besides, it is noteworthy that the Stra8-Cre activity was weak WANG ET AL.
in the undifferentiated spermatogonia, so the activation of mTORC1 in the undifferentiated spermatogonia of the STKO mice should have been milder than that in the VTKO mice. However, the two mutant mouse lines had similar phenotypes. Therefore, strictly controlled mTORC1 activity is essential for spermatogenesis, and its slight alteration would lead to severe consequence.
ZBTB16 is a transcription factor that is essential for SPC self-renewal and maintenance. A previous study of Zbtb16 À/À SPCs originally proposed a role for mTORC1 in the maintenance of SPC because ZBTB16 countered mTORC1 activity by inducing the mTORC1 inhibitor REDD1 [15] . The aberrant activation of mTORC1 in SPCs/germline stem cells in both the mouse and Drosophila inhibited the responses of the cells to key niche-derived signals required for self-renewal and promoted their differentiation [15, 32, 33] . Activation of mTORC1 also inhibited the SPC response to GDNF, a growth factor critical for their self-renewal, via negative feedback at the level of the GDNF receptor components [15, 34] . Consistent with previous reports, our study also showed that the activation of mTORC1 in spermatogonia reduced the expression of the self-renewal marker ZBTB16 while it increased the expression of the differentiation markers STRA8 and c-Kit in the juvenile testis, suggesting that mTORC1 activation promotes spermatogonial differentiation. However, the activation of mTORC1 did not produce more spermatocytes FIG. 7 . Generation and phenotype of VTKO mice. A) Western blot analysis of TSC1, p-mTOR, and p-S6 in VTKO and control mice. Protein samples were extracted from the whole testes of 2-wk-old paired mice. B) Quantification of the results in A. Protein levels were normalized against a-Tubulin. Data are expressed as mean values 6 SEM (n ¼ 3 for each group, ***P , 0.001). C) Reduced testicular size in VTKO mice. Image is from 9-wk-old mice. D) Sperm counting of the paired mice (8-12 wk). Sperm were released from one epididymis from each mouse (n ¼ 3 for each group, *P , 0.05). E) Progressive morphological changes in the seminiferous tubules of VTKO mice. Bar ¼ 50 lm. F) Quantitative PCR analysis of mRNA levels. RNA samples were collected from 3-wk-old paired mice. All bars indicate mean values 6 SEM (n ¼ 3 for each group, *P , 0.05).
mTORC1 REGULATES SPERMATOGONIAL DIFFERENTIATION because the expression of the early meiosis markers was stable. In contrast, partial meiotic arrest, sperm reduction, and fertility decline were observed in the knockout mice. We propose that accelerated differentiation not only perturbs spermatogonial self-renewal, but also produces defective spermatocytes that cannot proceed to meiosis, which may explain the excessive apoptotic spermatocytes in the tubules of the knockout mice, owning to endoplasmic reticulum stress caused by the hyperactivation of mTORC1 [35] .
At the end of our experiments, a similar study showed that the Stra8-Cre-mediated deletion of Tsc2 did not cause any obvious phenotype from postnatal 3 wk to 6 mo, except for larger size of the SPCs, and concluded that the hyperactivation of mTORC1 in differentiating spermatogonia does not result in germline maintenance defects. However, importantly, the Vasa-Cre-mediated deletion of Tsc2 caused an SPC maintenance defect accompanied by germline degeneration in the adult mouse [31] . Interestingly, our study shows that both the Stra8-Cre-and Vasa-Cre-mediated deletion of Tsc1 caused severe phenotypes in juvenile mice (about 3 wk old), such as defective tubular development, impaired spermatogenesis, excessive germ cell loss, and reduced sperm quantity. This discrepancy may be attributable to the additional functions of TSC1 beyond TSC2 because a previous study showed that TSC1 activates TGF-b-Smad2/3 signaling independent of TSC2 in tumor cells [36] . In addition, the previous finding that differentiation-prone SPCs have elevated mTORC1 activity was also in line with our results [31] .
In summary, low mTORC1 activity is essential for germline maintenance during postnatal testicular development. Hyperactivation of mTORC1 in undifferentiated spermatogonia accelerates their differentiation and exhaustion, impairs spermatogenesis, and causes subfertility. Thus, our study establishes the central roles for mTORC1 signaling in the regulation of the spermatogonial population and functions, and spermatogenesis.
